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NanoparticleArtiﬁcial spider silk proteins may form ﬁbers with exceptional strength and elasticity. Wrapping
silk, or aciniform silk, is the toughest of the spider silks, and has a very different protein composi-
tion than other spider silks. Here, we present the characterization of an aciniform protein (AcSp1)
subunit named W1, consisting of one AcSp1 199 residue repeat unit from Argiope trifasciata. The
structural integrity of recombinant W1 is demonstrated in a variety of buffer conditions and time
points. Furthermore, we show that W1 has a high thermal stability with reversible denaturation
at 71 C and forms self-assembled nanoparticle in near-physiological conditions. W1 therefore rep-
resents a highly stable and structurally robust module for protein-based nanoparticle formation.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Protein-based biomaterials have many potential applications,
ranging from coating of surgical implants to tissue engineering
scaffolds to drug delivery vehicles [1–4]. Spider silks are especially
promising biomaterials because of their exceptionally high tensile
strength, elasticity, toughness and biocompatibility. Notably, the
mechanical properties of some types of spider silks surpass even
the strongest of synthetic materials, including nylon, Kevlar, and
steel [5]. Previous studies have described spider silk ﬁbers as po-
tential biomaterials for biocompatible artiﬁcial nerve conduits
[6], enhancement of skin regeneration [7], and tissue engineeringscaffolds [8]. Beyond ﬁber formation, a miniature spider dragline
silk protein was shown to form nanoparticles with promise as drug
delivery vehicles [9,10]. However, the particle formation process
described involves salting out with potassium phosphate, where
the high salt concentration required may make this system unsuit-
able for drug delivery under physiological conditions. Spiders pro-
duce at least six other types of silk ﬁbers that differ signiﬁcantly
from dragline silk in physical properties and protein makeup.
Therefore, alternative biomaterials with improved properties may
be found through study of other spider silk proteins.
Spider wrapping silk, or aciniform silk, is distinctive from drag-
line silk in both physical properties and amino acid content. It is
used to wrap and immobilize prey, to build the inner layer of egg
sacs and for web decoration [11]. Wrapping silk is one of the
toughest spider silks because of a combination of high tensile
strength and high elasticity [11–13]. Unlike the dragline silk pro-
teins MaSp1 and MaSp2, which have small sequence motifs like
GGX and An repeated up to a hundred or more times [5], the wrap-
ping silk protein AcSp1 contains a much longer repetitive sequence
(Fig. 1) which lacks the small motifs of the dragline silk proteins
[12].
The wrapping silk protein (AcSp1) repetitive domain has long
(>150 residue) repeat units with complex amino acid compositions
and little internal repetition. Similarity of AcSp1 across spider spe-
Fig. 1. Sequence and features of spidroin repetitive domains. (A) Sequence of His6–SUMO–W1 fusion protein. SUMO sequence is colored green and W1 (Argiope trifasciata
AcSp1 repeat unit) sequence blue. (B) Sequence alignment of aciniform silk proteins (AcSp1) from Argiope trifasciata (A. tri); Argiope amoena (A. amo); Araneus ventricosus (A.
ven); Latrodectus hesperus (L. hes, divided into parts 1 and 2); Nephila antipodiana (labeled N. ant); and, tubuliform silk TuSp1 repetitive sequence types 1 and 2 from N.
antipodiana (labeled N. ant rep1 and rep2). Grey background indicates sequence similarity, with darker indicating higher conservation. (C) Structural features [15 and
manuscript in preparation] overlying Kyte-Doolittle hydrophobicity index [34] of W1.
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tubuliform spidroin (TuSp1) tends to be low (Fig. 1). AcSp1 from
Argiope trifasciata has been estimated to be at least 280 kDa in size,
comprising a large, repetitive core domain of 200 residue subunits
repeated at least 14 times in addition to a small C-terminal domain
and a putative small N-terminal domain [13]. Beyond its sheer
length, the 200 residue repeat is signiﬁcantly different fromMaSp1
and MaSp2 in amino acid content. For example, the combined Gly
and Ala content in AcSp1 is30% vs.70% in dragline silk and a Ser
content of 21% in AcSp1 vs. <2% in dragline silk [14]. The relation-
ship between primary structural differences and silk properties is
unknown, but is suggestive of differing protein secondary and ter-
tiary structure and self-assembly abilities. Both our nuclearmagnetic resonance (NMR) spectroscopy-based chemical shift
assignments [15] and our ongoing structural reﬁnement (manu-
script in preparation) of the AcSp1 repeat unit from A. trifasciata
and the NMR structure of residues 1–160 of Nephila antipodiana
AcSp1 from Yang and co-workers [16] show predominantly a-heli-
cal structures with generally good sequence alignment between
helical segments. Interestingly, the AcSp1 fold is determined by
Yang and co-workers is highly similar to that of the eggcase TuSp1
repeat units they previously solved [17] while our NMR structure
implies a less helical globular core in A. traﬁsciata (Fig. 1C). The
implications of these differences remain to be seen.
Here, we show that a 199 residue construct of AcSp1 from A. tri-
fasciata self-assembles in near-physiological buffer into
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standing structural integrity under a wide range of conditions
and reversibly denatures at 71 C. Importantly, given the propen-
sity of spider silks to self-assemble, we show that this subunit of
AcSp1 is not prone to a high degree of aggregation either as a result
of long-term storage or heating. As a whole, the behavior of recom-
binant wrapping silk protein shows striking differences to dragline
silk proteins in terms of both protein stability and nanoparticle
formation.2. Materials and methods
2.1. Protein production and stability tests
The AcSp1 single repeating subunit (W1) (199 amino acids for
cloning purposes; Fig. 1A) was produced in Escherichia coli and
puriﬁed as described previously [15]. Puriﬁed W1 was dialyzed
against deionized water, lyophilized, re-dissolved in sodium ace-
tate buffer (20 mM, pH 5.0) to 7 mg/mL, and centrifuged
(13000 rpm, 5 min) to remove insoluble material. For storage
exceeding a year, the protein solution was concentrated to
14 mg/mL and NaN3 (1 mM) was added as a biocide. For testing
at different temperatures, the protein solution was diluted to
0.5 mg/mL. At each speciﬁed time, the protein solution was cen-
trifuged (13000 rpm, 10 min) at 22 ± 2 C to separate the soluble
fraction from precipitate (if present) and resolved by electrophore-
sis using a 12.5% SDS–polyacrylamide gel and staining with Coo-
massie Brilliant Blue R-250. Soluble and precipitated protein
fractions were quantitated in dried gels using ImageJ (NIH, Bethes-
da, MD, USA).
2.2. Circular dichroism (CD) spectropolarimetry
Far-UV CD spectra of W1 protein samples (20–30 lM; concen-
tration determined by the Beer–Lambert law using absorbance at
210 nm using e = 270858 M1 cm1) were recorded at 20 nm/min
in 0.1 nm intervals from 195 to 260 nm using a J-810 spectropolar-
imeter (Jasco, Easton, MD, USA) with a temperature-controlled,
water-jacketed cuvette holder at 22 ± 2 C unless otherwise speci-
ﬁed. Quartz cuvettes of 0.2 and 0.1 cm pathlength (Hellma, Müll-
heim, Germany) were used for thermostability and buffer
comparison studies, respectively. The fraction folded at tempera-
ture T, F(T), was calculated as:
FðTÞ ¼ hðTÞ  hD
hN  hD ð1Þ
where h is the observed ellipticity and hN and hD are the ellipticities
for the native and denatured forms, respectively, allowing melting
temperature (Tm) to be estimated at F(Tm) = 1/2 [23]. All samples
were analyzed in triplicate, blank corrected, averaged, and con-
verted to mean residue ellipticity [h].
2.3. Dynamic light scattering (DLS)
DLS measurements were performed using a Zetasizer nano ZS
(Malvern, Worcesteshire, UK) equipped with a 633 nm He–Ne laser
at an angle of 173, as described previously [18,19]. Filtered
(0.45 lm, Sarstedt, Montréal, QC, Canada) W1 (1 mL, 31 lM, potas-
sium phosphate buffer, pH 7.5) was equilibrated overnight at room
temperature prior to scattering measurement (in duplicate) in a
disposable, 10-mm path length, polysterene cuvette (Sarstedt) at
25 C. Triplicate measurements were made with an automatic
attenuator 4.65 mm away from the cuvette wall. The autocorrela-
tion function obtained was analyzed with the protein analysismodel of the Zetasizer software 6.34 to determine the average radii
of the nanoparticles.
2.4. Microscopy of W1 nanoparticles
W1 protein (1.2 mg/mL) was prepared in 50 mM potassium
phosphate, pH 7.5, ﬁltered (0.45 lm) and stored at least 12 h at
4 C before use. For scanning electron microscopy (SEM), W1 pro-
tein (5 lL) was deposited on a glass slide coated with poly-L-lysine
and allowed to settle for 15–30 min. Following the ﬁxation pro-
cedure described in our previous work [20], the sample was dried
to the critical point and coated with gold before analysis using a
Cold Field Emission S-4700 (Hitachi, Tokyo, Japan). For transmis-
sion electron microscopy (TEM), W1 protein (3 lL) was deposited
onto a carbon coated grid, allowed to sit for 5 min (without fully
drying), rinsed gently with distilled water, stained with 2% uranyl
acetate and dried before analysis with a JEM 1230 (JEOL, Peabody,
MA, USA). Nanoparticle diameters were calculated with Image Tool
3.0 (UTHSCA, San Antonio, TX, USA). Images were taken from dif-
ferent areas on the sample slides and, for each image, at least 30
separated and dispersed nanoparticles were picked for diameter
calculation.
2.5. Fluorescence spectroscopy and microscopy
All spectroscopy was performed using a QuantaMaster 4 spec-
troﬂuorometer (PTI, London, Canada) at 25 C in a 3 mm quartz
cuvette (Hellma QS) using 3.0 nm excitation and emission slit
widths. Serial dilutions of W1 protein stocks (88 lM for ANS,
148 lM for pyrene, according to absorbance at 210 nm; 50 mM
potassium phosphate buffer, pH 7.5, ﬁltered (0.45 lm)) were pre-
pared containing ﬂuorophore concentrations of 4.7 lM (ANS) or
0.1 lM (pyrene; dissolved in acetone and allowed to dry prior
to W1 addition). Steady-state ﬂuorescence emission spectra (ANS
and pyrene) and anisotropy (ANS) were recorded in duplicate.
ANS emission spectra were measured from 460 to 600 nm with
kex = 360 nm; pyrene emission spectra from 350 to 420 nm with
kex = 332 nm. The ratio of emission intensities of the previously as-
signed [21] pyrene vibronic peaks averaged over 371–373 nm
(intensity I1) and over 388–390 nm (I3), I1/I3, was calculated in each
case. For each ANS sample, 32 anisotropy measurements
(kex = 360 nm and kem = 475 nm; polarizers in T-format) were car-
ried out over 240 s, with the G-factor determined before each
acquisition. ANS emission and anisotropy measurements were per-
formed (1) within hours of sample preparation and (2) following a
72 h incubation at 4 C; pyrene mixtures were incubated at 4 C for
24 h followed by 1 h at room temperature before measurement.
An equimolar W1:rhodamine B (RhB; Sigma Aldrich, Oakville,
Canada; 100 lM in 50 mM potassium phosphate buffer at pH
7.5) solution and matched control without W1 were incubated at
room temperature for 30 min. 3 lL of each sample were deposited
on glass slides (Ultident, Quebec, QC, Canada) and imaged by ﬂuo-
rescence microscopy with an Axiovert 200M inverted ﬂuorescence
microscope (Carl Zeiss Ltd., Toronto, Canada) equipped with an
ORCA-R2 CCD camera (Hamamatsu, Boston, MA). Experiments
were performed in duplicate.
3. Results and discussion
3.1. Structural integrity and stability of the W1 protein
The 199 amino acid AcSp1 protein repeat unit (W1) protein was
expressed in E. coli and puriﬁed to >90%. Far-UV CD spectra of W1
were practically identical in 20 mM acetate buffer at pH 5.0 over 5–
25 C (Fig. 2A) and in 50 mM potassium phosphate buffer at pH 5.0,
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of theW1 protein was highly consistent in each of these conditions.
The CD spectra of W1 all showed negative bands at 208 and 222 nm
(Fig. 2), which is characteristic of a signiﬁcant a-helical content
[22]. Although quantitative deconvolution was not employed, this
is fully consistent with our previously reported NMR chemical shift
assignments for W1, which imply that 70% of the protein is a-
helical [15].
After lyophilization, 60–90% of the W1 protein can be redis-
solved in acetate buffer (20 mM, pH 5.0) to a ﬁnal concentration
of 7 mg/mL (Fig. 3A). W1 demonstrates high integrity under ex-
tended storage of 1 year at 4 C followed by 4 months at room tem-
perature in acetate buffer at pH 5.0: 70% of the protein remained
intact and soluble, 25% of the protein was degraded and 5%
formed insoluble aggregates (Fig. 3B). We also measured the stabil-
ity of W1 at elevated temperature in acetate buffer. There was no
signiﬁcant loss of protein due to precipitation and only minor deg-
radation following 15-min incubations at temperatures ranging
from 40 to 90 C (Fig. 3C).
The thermal denaturation and refolding of W1 was monitored
using CD spectropolarimetry. At 70 C and lower (Fig. 4A), W1 re-
tains a-helical character consistent with that at room temperature
(Fig. 2). Conversely, at 81 C, denaturation was apparent from the
predominantly disordered appearance of the CD spectrum
(Fig. 4A), with conversion to a single negative band at 200 nm.
The midpoint in the loss of a-helical ellipticity at 222 nm (Eq. 1)
provides a Tm estimate [23] of 71 C (Fig. 4C and D). Importantly,
denaturation is reversible, with a clear return to an a-helical CD
signature upon cooling of the W1 solution (Fig. 4B). The refolding
process demonstrates no hysteresis relative to denaturation.
Altogether, the W1 protein demonstrated outstanding structural
integrity over a wide temperature range and under a variety of
solution conditions. Its thermal stability is notable, with a Tm ofFig. 2. Structural integrity of W1 protein secondary structure. Far-UV CD spectra of W1 in
50 mM potassium phosphate buffer at pH 7.5 (blue); and (C) 50 mM potassium phospha
22 ± 2 C.
Fig. 3. W1 protein stability. After storing or treating a W1 protein solution, the total pr
centrifugation. All protein samples were analyzed by SDS–PAGE and visualized by Coom
storage buffer (20 mM sodium acetate, pH 5.0). (B) W1 protein after storage (with 1 mM
following incubation for 15 min at the speciﬁed temperature.71 C, and clearly reversible thermal denaturation. This behavior,
alongside the excellent longevity of the solubilized protein, high-
lights the potential versatility of the W1 protein for downstream
application.
3.2. Self-assembly of W1 protein into nanoparticles
TheW1 primary sequence reveals an amphiphilic block arrange-
ment of the protein (Fig. 1C), with a relatively hydrophobic helical
domain [15,16]followed by a disordered hydrophilic domain [15].
This suggests the potential to form micelle-like supramolecular
assemblies in aqueous solution facilitating phase segregation
[24,25]. To test for the presence of supramolecular assemblies in
solution, DLS, EM and atomic force microscopy (AFM) were em-
ployed. In ﬁltered phosphate buffer solution, DLS showed two
coexisting populations of scattering particles, with average diame-
ters of 50 nm and 220 nm and, in direct contrast to isolated
TuSp1 repeat domains [17], no signiﬁcant protein monomer popu-
lation (Supplementary Fig. S1). Upon deposition from phosphate
buffer, numerous particles with diameter 20–130 nm were
observable by SEM and TEM (Fig. 5). Similar particles were also ob-
served upon deposition from Tris–Cl buffer by SEM (Supplemen-
tary Fig. S2) and from deionized water by AFM (Supplementary
Fig. S3). As a whole, therefore, hydrodynamic data of the solution
conformation of W1 particles are highly consistent with the surface
deposited species observable by EM and AFM. Although these self-
assembled species are frequently termed micelles in the silk liter-
ature, we refer to them herein as nanoparticles as we do not have
deﬁnitive evidence of micelle-like properties.
Steady-state ANS emission spectroscopy and ﬂuorescence
anisotropy (Fig. 6A and C) alongside pyrene emission spectroscopy
(Fig. 6B and D) were used to monitor concentration dependent for-
mation of W1 nanoparticles in 50 mM potassium phosphate at pH: (A) 20 mM acetate buffer at pH 5.0; (B) 20 mM acetate buffer at pH 5.0 (pink) and
te buffer at pH 5.0 (red), 6.5 (pink) and 7.5 (blue). Panels B and C were acquired at
otein (T) was separated into a soluble fraction (S) and a precipitate fraction (P) by
assie blue staining. (A) W1 protein was lyophilized in water and re-dissolved in the
NaN3) for 1 year at 4 C followed by 4 months at room temperature. (C) W1 protein
Fig. 4. Thermal denaturation and refolding of W1. Thermal denaturation (A) and refolding (B) of W1 using CD spectra recorded sequentially at indicated temperatures
following a 1 min incubation. Loss of helical character upon thermal denaturation is clear from the increase in [h] at 222 nm (C) and refolding from decrease as temperature is
decreased (D).
Fig. 5. Nanoparticle formation by W1 protein deposited from 50 mM potassium phosphate buffer, pH 7.5 following ﬁltration (0.45 lm). (A) SEM, (B) TEM (negatively stained)
and (C) histograms illustrating nanoparticle size distribution (167 particles from 6 micrographs).
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Fig. 6. Nanoparticle formation and loading. Fluorescence emission spectra (A, kex 360 nm) and anisotropy (C; kex = 360 nm, kem = 475 nm; replicate trials shown) of ANS
(4.9 lM) incubated with indicated W1 concentration. Fluorescence emission spectra (B, kex 332 nm) of pyrene (0.1 lM) and intensity ratio (D) I1 and I3 (at bands annotated
in B) in the presence of indicated W1 concentration. Fluorescence microscopy of RhB without W1 (E) and with 100 lMW1 (F), scale bar: 20 lm. All experiments were
performed in in 50 mM phosphate buffer, pH 7.5.
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in buffer to 474 nm in W1 solution (Fig. 6A) while the pyrene I1/I3
band emission intensity ratio decreases as a function of increasing
W1 (Fig. 6B and D). Beyond these changes in emission maxima,
both ANS and pyrene emission intensities become strongly en-
hanced with increased W1 concentration (Fig. 6A and B). Finally,
ANS anisotropy shows a clear sigmoidal increase with increased
W1 concentration (Fig. 6A). The blue-shifted kmax and increased
anisotropy for ANS alongside decreased pyrene I1/I3 ratio are con-
sistent with protein self-assembly into nanoparticles. In the case of
ANS, this follows literature examples of dye binding to and sensi-
tization by both hydrophobic protein environments [26] and sur-
factant micelles [27]. With pyrene, a decreased I1/I3 ratio is
strongly indicative of decreased microenvironment polarity [28]
and such a photophysical change is consistent with the known
preferential partitioning of pyrene into a hydrophobic micelle core
[29].
Both ﬂuorophores indicate behavior consistent with a critical
concentration for W1 nanoparticle formation, akin to a criticalmicelle concentration (cmc). This can be most reliably estimated
from the pyrene I1/I3 inﬂection point [29], providing a cmc esti-
mate of 20 lM (Fig. 6D). ANS anisotropy is fully consistent with
this estimate (Fig. 6C). At W1 concentrations of 24–72 lM, em-
ployed for all microscopy and DLS experiments, both ANS and pyr-
ene are indicative of an equilibrated nanoparticle suspension
reﬂected in stable photophysical behavior.
At the highest concentrations examined, both ﬂuorophores are
further sensitized (Fig. 6A and B) and ANS anisotropy further in-
creases (not shown). Notably, these experiments involved no sig-
niﬁcant dilution of W1 stock solution. Consistent with this, the
sizes of spherical assemblies formed by recombinant dragline silk
protein could be controlled by varying the intensity of mechanical
mixing or protein concentration, with lower mixing intensity and
higher protein concentration resulting in larger spherical size
[30]. In our experiments, therefore, the serial dilution process
might have broken bigger nanoparticles into smaller ones. Hypo-
thetically, this could be related to interconversion between the sta-
ble 220 nm vs. 50 nm nanoparticle subpopulations observable
L. Xu et al. / FEBS Letters 587 (2013) 3273–3280 3279by DLS. The dynamics of nanoparticle assembly and interconver-
sion under different buffer conditions needs to be more fully char-
acterized in future studies.
From an applications standpoint, it is clear that both the anionic
ANS (MW 299 Da) and uncharged/hydrophobic pyrene (MW
202 Da) readily associate with W1 nanoparticles. As a further test,
loading of W1 nanoparticles with the larger, cationic rhodamine B
(RhB, 479 Da), considered a model drug [31,32], was also tested.
Localized RhB ﬂuorescence was observed by ﬂuorescence micros-
copy only in W1 solution and not in buffer blank (Fig. 6E and F),
implying that W1 nanoparticles are capable of loading and binding
RhB. The versatility and stability of loaded W1 nanoparticles is
indicative of potential future applicability as a drug delivery
vehicle.
3.3. Comparison to nanoparticle formation behavior of other
recombinant spidroins
In this study, we have demonstrated that a single repeat domain
subunit of A. trifasciata AcSp1 spontaneously self-assembles into
spherical nanoparticles, likely as a result of its block amphiphilicity
(Fig. 1C). Similar nanoparticles have been observed in other silk
proteins. Particles a few hundred nanometers in diameter were ob-
tained by micromixing recombinant dragline silk protein eADF4
(C16) solution with 1 M potassium phosphate (pH 8)[30]. Globular
aggregates were also observed in aqueous ﬁbroin/polyethylene
oxide blends [25] and a recombinant eggcase spidroin [17]. Protein
micelles have also been proposed as an essential intermediate for
silk ﬁber formation [25,33]. Spherical assembly formation there-
fore appears to be an inherent, but still poorly characterized, fea-
ture of silk proteins.
Although similar nanoparticles have been observed for different
silk proteins, the behavior of W1 may provide some key advanta-
ges. The ﬁrst of these is that W1 nanoparticles form in near-phys-
iological conditions. It should be clariﬁed that we refer here to
physiological conditions in humans, not in the spider gland – the
actual conditions in the aciniform gland are completely unknown.
In contrast, the recombinant dragline silk protein eADF4 requires
the presence of a high potassium phosphate concentration to in-
duce assembly [30]. Second, in comparison to recombinant spidro-
in TuSp1 that was >98% monomeric unless fused to a non-
repetitive domain [17], W1 does not need to be fused to a non-
repetitive domain to form nanoparticles, highlighting the potential
of W1 as a modular building block in protein engineering. There-
fore, recombinant AcSp1 W1 has outstanding structural integrity
and stability alongside highly promising nanoparticle formation
properties. Its applications strongly merit further investigation.
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